Staphylococcal enterotoxin A modulates intracellular Ca2+ signal pathway in human intestinal epithelial cells  by Hu, Dong-Liang et al.
FEBS 29793 FEBS Letters 579 (2005) 4407–4412Staphylococcal enterotoxin A modulates intracellular Ca2+
signal pathway in human intestinal epithelial cells
Dong-Liang Hua, Sechiko Sugab, Katsuhiko Omoec, Yoshinao Abed,
Kunihiro Shinagawac, Makoto Wakuib, Akio Nakanea,*
a Department of Bacteriology, Hirosaki University School of Medicine, Hirosaki 036-8562, Japan
b Department of Physiology, Hirosaki University School of Medicine, Hirosaki 036-8562, Japan
c Department of Veterinary Microbiology, Faculty of Agriculture, Iwate University, Morioka 020-0066, Japan
d Department of Radiology, Hirosaki University School of Medicine, Hirosaki 036-8562, Japan
Received 13 April 2005; revised 23 June 2005; accepted 7 July 2005
Available online 19 July 2005
Edited by Dr. Pascale CossartAbstract We demonstrate here that staphylococcal enterotoxin
A (SEA) induces an increase in intracellular calcium ([Ca2+]i) in
human intestinal epithelial cells and the [Ca2+]i is released from
intracellular stores. SEA-induced increase of [Ca2+]i was clearly
inhibited by treatment with a nitric oxide synthase (NOS) inhib-
itors, NG-monomethyl-L-arginine and guanidine. Intestinal epi-
thelial cells express endothelial NOS in resting cell condition,
and express inducible NOS after stimulating with tumor necrosis
factor (TNF)-a. TNF-a-pretreated cells showed a signiﬁcant in-
crease in [Ca2+]i that was also inhibited by the NOS inhibitor.
These results suggest that SEAmodulated [Ca2+]i signal is depen-
dent on NOS expression in human intestinal epithelial cells.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Staphylococcal enterotoxins (SEs) are exotoxic proteins pro-
duced by Staphylococcus aureus that cause staphylococcal food
poisoning and toxic shock syndrome in humans and other spe-
cies [1,2]. Over the past few decades, several studies have been
conducted on the nature of SEs and the molecular basis of the
superantigen activities of SEs has been extensively studied
[3,4]. However, the pathogenesis of SEs-mediated food poison-
ing, which causes diarrhea and vomiting within about 4–6 h of
ingesting contaminated food, is not clearly understood [5]. Little
is known about how the toxins enter the body via the intestine
and cause food poisoning, and relationship between the super-
antigenic and emetic activities. Previous studies have shown that
SEA did not behave as a bacterial cytotoxin to intestinal epithe-
lial cells in morphologic feature [6]. However, the enterotoxin
could cross the intestinal epithelium in immunologically intact
form [5] and participate in the initiation, exaggeration or reacti-
vation of enteric inﬂammatory disease [7,8]. Superantigen-
mediated activation of the immune system aﬀects the form
and function of the gut, and suggested that these bacterial prod-*Corresponding author. Fax: +81 172 39 5034.
E-mail address: a27k03n0@cc.hirosaki-u.ac.jp (A. Nakane).
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enteropathy [4,9]. The question remains whether exposure to
SEs has any signiﬁcance for human gut dysfunction or disease.
In this study, to clarify whether SEA can aﬀect any changes
of cellular signaling pathways in intestinal epithelial cells, we
performed experiments to see if SEA can modulate the intra-
cellular signaling pathway in intestinal epithelial cells. Our re-
sults demonstrated for the ﬁrst time that SEA could induce an
increase in intracellular calcium ([Ca2+]i) in intestinal epithelial
cells, and the increase is originated from intracellular calcium
stores. We further investigated the involvement of nitric oxide
synthase (NOS) in modifying calcium transients, and suggested
that the increase in [Ca2+]i evoked by SEA is dependent on
NOS expression.2. Materials and methods
2.1. Toxin and antibody
SEA, an exotoxic protein of molecular weight 27 078, was expressed
as recombinant SEA by the Escherichia coli expression system as de-
scribed previously [1]. The recombinant SEA had ﬁve additional amino
acid residues, GPLGS, at its N-terminus, and has almost the same
superantigenic and emetic activities as native SEA that secreted by
S. aureus [1]. The purity of recombinant SEA was determined by so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis. Glutathione
S-transferase (GST) that was puriﬁed from GST–SEA fusion protein
by the same E. coli expression system was used as a control agent.
The concentrations of puriﬁed recombinant SEA and GST were deter-
mined by the method of Bradford assay (Bio-Rad Laboratories, CA,
USA) at 595 nm, and stored at 20 C until to use. Rabbit anti-SEA
IgG (1 mg/ml concentration) [10] was used for blocking experiments.
2.2. Cell line and cell culture
Human intestinal epithelial cell line, Henle-407, was maintained in
RPMI 1640 medium (Nissui Pharmaceutical, Tokyo, Japan) supple-
mented with 10% heat-inactivated fetal calf serum, 1 lM L-glutamine,
100 U/ml penicillin G and 100 lg/ml streptomycin. Cells were cultured
in disposable tissue culture ﬂasks or 24-well tissue culture plates in a
humidiﬁed 5% CO2 atmosphere at 37 C. For measurement of
[Ca2+]i concentration, the cells were cultured on poly-L-lysine coated
glass cover slips (Matsunami Glass, Tokyo, Japan) in 35-mm diameter
cell culture dishes.
2.3. Intracellular Ca2+ measurement
The ﬂuorescent Ca2+ indicator fura-2 acetoxymethylester (Fura-2/
AM) (Dojindo, Kumamoto, Japan) and ﬂuorometric microscopy sys-
tem were used to measure [Ca2+]i. Henle 407 cells, grown on poly-L-
lysine-coated glass cover slips, were washed once with RPMI 1640
medium and then incubated for 45 min at 37 C in RPMI 1640ation of European Biochemical Societies.
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V, Sigma Chemical Co., MO, USA) and 1.5 lM Fura-2/AM as de-
scribed previously [11]. Fura-2/AM loaded cells were washed twice
with PBS and then placed in a perfusion chamber connected to an
inverted epiﬂuorescence microscope (Zeiss, Axiovert 135). Upon
assay, the cells were exposed to a perfusion of puriﬁed SEA. SEA
was diluted 1:10 (ﬁnal concentration of 4, 1, or 0.4 lM) in PBS with
or without 1.5 mM Ca2+. Acetylcholine chloride (Ach, Wako Pure
Chemicals, Osaka, Japan), adenosine-3 0,5 0-cyclic monophosphoro-
thioate, triethyl ammonium salt (Rp-cAMP; BIOLOG, CA, USA),
thapsigargin (Sigma), NG-monomethyl-L-arginine (L-NMMA)
(Wako), aminoguanidine hydrochloride (Wako) and U73122 (Wako)
were used to treat or stimulate the cells in some experiments. One sin-
gle cell, isolated optically by the microscope, was analyzed by using a
100 · /1.3 NA oil-immersion objective. Each experiment was repeated
at three to ﬁve independent occasions. The microscope was connectedFig. 1. SEA induces an increase in cytosolic calcium in human intestinal epith
and placed in PBS. SEA and Ach were added to the monolayer at the indicat
representative of 3 identical experiments of total 20 (A) and 24 (B) cells. Fo
loaded cells were added 4 lM GST at the indicated time as controls. Date a
identical experiment, 6–8 cells were analyzed. (D) Fura-2/AM-loaded cells we
ml) for 1 h in 37 C. Data are representative of 3 identical experiments of tota
free PBS and added 4 lM SEA. Data are representative of 3 identical exper
thapsigargin for 10 min and then added 4 lM SEA at the indicated time. Ac
intracellular Ca2+. Data are representative of 3 identical experiments of totato an F-4500 ﬂuorescence spectrophotometer (Hitachi Ltd., Tokyo,
Japan) for dual wavelength excitation ﬂuorometry. Upon binding
to Ca2+, fura-2 shifts excitation maximum from 380 to 340 nm.
The ratio between the ﬂuorescence intensity at 340 and 380 nm
(F340/380) gives a value of free Ca2+ in the cytosol. The background
ﬂuorescence was measured and subtracted before calculation of
[Ca2+]i. To compensate for variations in output light intensity from
the two monochromators, the F340/380 values were corrected with
both monochromators set at 360 nm. Free [Ca2+]i was calculated
using the following formula [12]:
½Ca2þi ¼ KdbðR RminÞ=ðRmax  RÞ;
where Kd is the dissociation constant of fura 2 binding to Ca
2+, is
the maximum ﬂuorescence at 380 nm (F380max) divided by the min-
imal ﬂuorescence at 380 nm (F380min). R is the ratio of two ﬂuores-
cence intensities, F340/F380. The values Rmax, Rmin, F380max, andelial cells. (A, B) Henle-407 cells were loaded with Fura-2/AM, washed,
ed time (for 5 min) for evaluate the Ca2+ capacity of the cells. Data are
r each identical experiment, 5–10 cells were analyzed. (C) Fura-2/AM-
re representative of 3 identical experiments of total 21 cells. For each
re added 4 lM SEA that has been incubated with anti-SEA IgG (1 mg/
l 24 cells. (E) Fura-2/AM loaded cells were washed, and placed in Ca2+-
iments of total 25 cells. (F) Fura-2/AM-loaded cells were added 2 lM
h was used for conﬁrming the cell conditions and as a control to raise
l 22 cells.
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EGTA. In our system, Kd = 224 nM, b = 12.52, Rmax = 8.56 and
Rmin = 0.33.
2.4. mRNA isolation and real-time quantitative RT-PCR
Henle-407 cells were cultured in 24-well culture plates at a density of
1 · 105 cells per well for 24 h and then stimulated with or without SEA,
human tumor necrosis factor-a (TNF-a, Dainippon Pharmaceutical,
Osaka, Japan) or interferon-c (IFN-c, Pepro Tech, NJ, USA). The
cells were harvested after indicated periods of incubation and total
RNA was extracted with a nucleic acid puriﬁcation kit, MagExtractor
RNA (Toyobo, Osaka, Japan). First-strand cDNA was generated in
20 ll reverse transcription mixture containing 1 lg total RNA using
random primers (TakaRa, Tokyo, Japan) and reverse transcriptase
M-MLV (Invitrogen, CA, USA).
Quantitative real-time PCR was performed using following primer
sets: eNOS primers (sense, 5 0-CAGTGTCCAACATGCTGCTGGAA-
ATTG-3 0; anti-sense, 5 0-TAAAGGTCTTCTTCCTGGTGATGCC-
3 0), iNOS primers (sense, 5 0-GCCTCGCTCTGGAAAGA-3 0;
anti-sense, 5 0-TCCATGCAGACAACCTT-3 0) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) primers (sense, 5 0-
TGAAGGTCGGTGTGAACGGATTTGG-3 0; anti-sense, 5 0-ACG-
ACATACTCAGCACCAGCATCAC-3 0). The size of PCR products
for eNOS, iNOS and GAPDH were 486, 500 and 470 base pair, respec-
tively. Two microliters of the RT product, 0.2 lM of each primer and
iQ SYBER Green Supermix (Bio-Rad) which includes AmpliTaq gold
DNA polymerase, SYBER Green I Dye, dNTPs with dUTP were
included in the 20 ll reaction mixture for real-time RT-PCR. Thirty-
ﬁve PCR cycles of ampliﬁcation were performed. Each cycle consisted
of a 30-s (for eNOS and GAPDH) or 60-s (for iNOS) at 94 C forFig. 2. L-NMMA, but not U73122 or Rp-cAMP, inhibited SEA-induced [
loaded with 1.5 lM Fura-2/AM washed, and placed in Ca2+-free PBS. After s
L-NMMA, 10 lM Ach or 4 lM SEA in the presence 10 mM L-NMMA was a
indicated time (for 5 min). Data are representative of 5 identical experiments o
washed and placed in Ca2+-free PBS. After stabilization of the baseline signa
Ach in the presence 0.1 mM aminoguanidine was added to the monolayer to
Data are representative of 2 identical experiments of total 14 cells. (C) 4 lM S
monolayer to evaluate the Ca2+ capacity of Henle-407 cells at the indicated ti
(D) Henle 407 Cells were loaded with 1.5 lM Fura-2/AM and incubated wit
4 lM SEA or 10 lM Ach was added to the monolayer at the indicated timedenaturing, 30-s at 55 C (eNOS and GAPDH) or 56 C (iNOS) for
annealing, and 120-s at 72 C for extension. The mRNA levels were
normalized to GAPDH by using the comparative cycle threshold
(Ci) method [13].3. Results
3.1. SEA induces an increase in [Ca2+]i in human intestinal
epithelial cells
Henle 407 cells cultured on glass cover slips were loaded with
Fura-2/AM. After stabilization of the baseline signal with PBS
containing 1.5 mM Ca2+, 8, 4, 1 and 0.4 lM SEA in PBS con-
taining 1.5 mM Ca2+ was introduced to the cell monolayer
with a ﬂow rate of 0.5 ml/min and ﬂuorescence intensity of
Fura-2/AM in a single cell was determined on ﬂuorescence
spectrophotometer. SEA-induced signiﬁcant increase in
[Ca2+]i in the Henle 407 cells was dose-dependent, and applica-
tion of SEA resulted in calcium peak and then returned to the
baseline (Fig. 1A and B). Eighty-ﬁve percent of analyzed cells
(17/20 cells) at the concentration of 4 lM SEA and 79.2% (19/
24) of the cells at 0.4 lM SEA showed responses. However,
4 lM GST in 1.5 mM Ca2+-containing PBS did not induce
an increase in [Ca2+]i in the cells (0/21 cells) (Fig. 1C). Further-
more, the increase in [Ca2+]i in the cells was inhibited byCa2+]i elevation in intestinal epithelial cells. (A) Henle 407 cells were
tabilization of the baseline signal for 300 s with PBS containing 10 mM
dded to the monolayer to evaluate the Ca2+ capacity of the cells at the
f total 32 cells. (B) Henle 407 cells were loaded with 1.5 lMFura-2/AM
l with PBS containing 0.1 mM aminoguanidine, 4 lM SEA or 10 lM
evaluate the Ca2+ capacity of the cells at the indicated time (for 5 min).
EA or 10 lM Ach in the presence of 10 mM U73122 was added to the
me. Data are representative of 3 identical experiments of total 25 cells.
h 10 lM Rp-cAMP for 30 min, washed, and placed in Ca2+-free PBS.
. Data are representative of 3 identical experiments of total 24 cells.
Fig. 3. Expression of eNOS and iNOS mRNA in resting cells and cells
pre-stimulated with IFN-c and TNF-a was determined by RT-PCR
(A) and quantitative real-time RT-PCR (B).
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could trigger transient increase of intracellular calcium concen-
tration in Henle 407 cells.
3.2. [Ca2+]i is released from intracellular stores
To conﬁrm that the [Ca2+]i transient in the cells was medi-
ated by open channels in the plasma membrane or by release
of Ca2+ from intracellular stores, Fura-2/AM loaded cells were
washed and placed in the Ca2+-free PBS, and then exposed to
SEA in Ca2+-free condition. The ﬂuorescence intensity of
Fura-2/AM in a single cell was determined in the condition
without extracellular calcium. Application of SEA also re-
sulted in [Ca2+]i peak and then returned to the baseline
(Fig. 1E). Furthermore, emptying the ER intracellular stores
with thapsigargin (2 lM) showed the absence of the signal
(Fig. 1F). These results indicated that SEA-induced increase
[Ca2+]i is originated from intracellular calcium stores.
3.3. SEA-induced increase in [Ca2+]i was inhibited with NOS
inhibitors
Henle 407 cells were loaded with Fura-2/AM and stabilized
the base level signal with PBS containing 10 mM L-NMMA.
4 lM SEA and 10 lM Ach were added to the monolayers to
evaluate the Ca2+ capacity of the cells, respectively. L-NMMA
clearly inhibited SEA-induced in an increase [Ca2+]i (Fig. 2A).
In contrast, L-NMMA did not aﬀect the increase in [Ca2+]i in-
duced by Ach which raises [Ca2+]i through phospholipase C
signaling pathway. Next, we examined other inhibitors for
an increase in [Ca2+]i, Rp-cAMP (a protein kinase A inhibitor)
and U73122 (a PLC inhibitor). None of them inhibited the in-
crease in [Ca2+]i during SEA administration (Fig. 2C and D).
Furthermore, to conﬁrm the eﬀect of NOS, another NOS
inhibitor, aminoguanidine (0.1 mM), was used for the blocking
experiments. Aminoguanidine also signiﬁcantly inhibited SEA-
induced in an increase [Ca2+]i (Fig. 2B). These results sug-
gested that SEA-induced calcium increase may be the result
of NO and NOS expression.
3.4. Henle 407 cells present eNOS in resting cells and express
iNOS in the cells pre-stimulated with TNF-a and IFN-c
To conﬁrm that the NOS expression is involved in the in-
crease in [Ca2+]i induced with SEA in human intestinal epithe-
lial cells, mRNA expressions of eNOS and iNOS in resting
cells and the cells activated with TNF-a and IFN-c were deter-
mined by RT-PCR. Henle 407 cells in resting cell condition ex-
pressed eNOS, but did not express iNOS. After being
stimulated with TNF-a or IFN-c for 6 h, the cells expressed
iNOS (Fig. 3). These results indicated that Henle 407 cell could
express eNOS in resting cells and express both eNOS and NOS
in the cells pre-stimulated with TNF-a and IFN-c.3.5. The cells pre-incubated with TNF-a showed higher increase
in [Ca2+]i than that of the control cells
To further conﬁrm the possibility that the increase in [Ca2+]i
is involved with NOS expression, Henle 407 cells were incu-
bated with TNF-a for 6 h before the determination of the
[Ca2+]i response. The cells pretreated with TNF-a showed sig-
niﬁcant higher increase in [Ca2+]i in comparison with the cells
that were not pretreated (Fig. 4A and B). In addition, the NOS
inhibitor, L-NMMA, also clearly inhibited SEA-induced in an
increase [Ca2+]i in the cells pretreated with TNF-a (Fig. 4C).These results indicated that SEA-induced [Ca2+]i increase in
pretreated cells might be the result of the expression of both
eNOS and iNOS.4. Discussion
This study demonstrated for the ﬁrst time that SEA could in-
crease Ca2+ signal in human intestinal epithelial cells. The in-
crease in cytosolic Ca2+ occurred after the cells were exposed
to SEA, and the increase in Ca2+ is originated from intracellu-
lar stores. The SEA-induced [Ca2+]i increase was signiﬁcantly
reduced by NOS inhibitors. In addition, the intestinal epithe-
lial cells could express eNOS in resting cells and express iNOS
after being stimulated with TNF-a or IFN-c as well as SEA.
The cells stimulated with TNF-a showed the stronger increase
in a Ca2+ signal. These results indicated that NOS expression is
involved in the [Ca2+]i increase evoked by SEA.
SEA is a major cause of symptoms of food poisoning in hu-
mans [14,15]. Despite their molecular characteristics and
superantigenic activities have been elucidated, relatively little
is known about the mechanism how the toxins can induce
the symptoms of food poisoning, which in turn hampers the
design of protective measures and antitoxic drugs. Oral admin-
istration of SEA has not been shown to cause gastrointestinal
mucous membrane damage such as edema, cytolysis, tissue
sloughing, lumenal necrotic tissue or alternations in epithelial
mitotic morphology [16]. These made it diﬃcult to study mech-
anism of SEA-induced food poisoning that results in vomiting
and diarrhea. Recently, use of an in vitro coculture model
comprising monolayers of the T84 epithelial cell line and
peripheral blood mononuclear cells showed that the SE-in-
duced activation of immune cells resulted in increased epithe-
lial permeability, reduced responses to pro-secretory stimuli
and increased production of the T-cell and monocyte chemoat-
tractants [7,9,17]. Hamad et al. [5] have shown that SEA and
SEB can cross the epithelium in an immunologically intact
Fig. 4. Enhanced response of [Ca2+]i increase in intestinal epithelial
cells after treatment with TNF-a. Cells were cultured without (A) or
with TNF-a (B, C) for 6 h, and then were loaded with Fura-2/AM.
4 lM SEA was added to the monolayer in the absence (A, B) or the
presence (C) of 10 mM L-NMMA to evaluate the Ca2+ capacity at the
indicated time (for 5 min). Fluorescence intensity of Fura-2/AM in a
single cell was determined as Fig. 1 legend. Data are representative of 3
identical experiments of total 21 (A), 24 (B) and 18 (C) cells.
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suggest that SEA may directly aﬀect the function of intestinal
epithelial cells. In the present study, our data showed that SEA
increases [Ca2+]i concentration in the human intestinal epithe-
lial cells. These results indicate that SEA has a direct eﬀect on
the cellular signaling pathway of the intestinal epithelial cells.
SEA has at least two separate biological eﬀects: as an entero-
toxin for gastrointestinal cells and as a superantigen, stimulat-
ing T-cell proliferation. Human and rat lymphocytes
proliferate in response to concentration of SEA as low as
1 pg/ml, and show pathogenic response at the dose of
100 ng/ml [18]. In monkey and weanling pig feeding experi-
ment, SEA at 10–50 lg per animal could induced 50% of ani-
mals vomiting [19,20]. In vitro experiment, the potential
cytotoxic activity of SEA for intestinal epithelial cells has eval-uated and showed that no cytotoxicity for the intestinal cells
incubated with 10 and 100 lg/ml of SEA [6]. These results indi-
cated that SEA shows diﬀerent eﬀects for diﬀerent cells in vivo
and in vitro. In this study, we used 0.4 lM (equivalent in 10 lg/
ml) and 4 lM (100 lg/ml) of SEA in intestinal cells. Our results
showed that SEA could increase [Ca2+]i concentration in the
human intestinal epithelial cells even no evidence of cytotoxic-
ity could be observed.
Calcium is a very important regulator of many physiological
processes and pathological responses [21–24]. It has been re-
ported that high storages of Ca2+ are kept in the endoplasmic
reticulum and are released upon signals and/or receptor activa-
tion in resting epithelial cells [25]. Previous studies have shown
that alterations of Ca2+ store site-related Ca2+ mobilizations
are involved in the cellular mechanisms of endothelial migra-
tion [26], and that Ca2+ homeostasis plays a signiﬁcant role
in regulating endothelial functions including angiogenesis
[27]. Inhibition of Ca2+ pathways suppressed endothelial
growth, adhesion, migration and in vitro tube formation
[27], In the present study, results showed that SEA, a bacterial
exotoxic protein, induces an increase in [Ca2+]i concentration
in human intestinal epithelial cells, suggesting that this event
may be important for studying the mechanism how SEA in-
duces food poisoning.
SEA-induced [Ca2+]i increase was reduced signiﬁcantly in
the presence of the NOS inhibitor. Release of Ca2+ from intra-
cellular stores by NO is consistent with similar ﬁndings re-
ported for other cell types including endothelial cells [28], rat
pancreatic b-cells [29] and interstitial cells [30], and with the
ability of ryanodine to block NO-induced Ca2+ release
[29,31]. Watson et al. [32] have shown that arachidonic acid in-
duced Ca2+ release was inhibited by the NOS inhibitor, 7-
nitroindazole. NO is an intracellular and intercellular messen-
ger with important functions in a number of physiologic and
pathobiologic process within gastroenterology, including gas-
trointestinal tract motility, mucosal function, inﬂammatory re-
sponses, gastrointestinal malignancy and blood ﬂow regulation
[33]. It is important to study the relationship of NOS expres-
sion, [Ca2+]i signal pathway and emesis for understanding
the mechanism of SEA-induced food poisoning.Acknowledgments: We thank Dr. Teruko Takeo, Hirosaki University
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